Abstract-Localization of the initial site of cardiac ectopic activity has direct clinical benefits for treating focal cardiac arrhythmias. The aim of the present study is to experimentally evaluate the performance of the equivalent moving dipole technique on noninvasively localizing the origin of the cardiac ectopic activity from the recorded body surface potential mapping (BSPM) data in a well-controlled experimental setting. The cardiac ectopic activities were induced in four well-controlled intact pigs by either singlesite pacing or dual-site pacing within the ventricles. In each pacing study, the initiation sites of cardiac ectopic activity were localized by estimating the locations of a single moving dipole (SMD) or two moving dipoles (TMDs) from the measured BSPM data and compared with the precise pacing sites (PSs). For the single-site pacing, the averaged SMD localization error was 18.6 ± 3.8 mm over 16 sites, while the averaged distance between the TMD locations and the two corresponding PSs was slightly larger (24.9 ± 6.2 mm over five pairs of sites), both occurring at the onset of the QRS complex (10-25 ms following the pacing spike). The obtained SMD trajectories originated near the stimulus site and then traversed across the heart during the ventricular depolarization. The present experimental results show that the initial location of the moving dipole can provide the approximate site of origin of a cardiac ectopic activity in vivo, and that the migration of the dipole can portray the passage of an ectopic beat across the heart. Index Terms-Body surface potential mapping (BSPM), cardiac pacing, electrocardiographic (ECG) inverse problem, equivalent moving dipole, noninvasive localization.
I. INTRODUCTION

B
ODY surface potential mapping (BSPM) has been utilized to map the electrical activity of the heart for decades. Various inverse solutions have been attempted to localize and image cardiac electrical activity from the recorded BSPM data [1] - [9] . Among them, the single moving dipole (SMD) or two moving dipole (TMD) techniques have been used to estimate and localize the focal cardiac arrhythmias with one or two well-localized sources [8] - [16] . Potential clinical applications of the equivalent moving dipole technique include localization of sites of myocardial infarction and foci of malignant ventricular tachycardia [17] , localization of preexcitation sites in patients with Wolff-Parkinson-White (WPW) syndrome [18] , and guiding catheter ablation [14] .
The moving dipole technique has been studied by many groups in simulations [9] , [13] , [15] , [19] - [21] , in animal preparations [22] - [24] , and in human studies [17] , [18] , [25] since a mathematical method for fitting a dipole was first introduced by Gabor and Nelson [26] . Although promising results have been reported in experimental validation studies, limitations existed in the experimental protocols. For instance, 2-D X-rays or electronic pantographs have been used to localize the surface electrodes instead of direct 3-D localization [24] ; the number of employed surface electrodes and the resolution of reconstructed numerical models were limited in some studies [18] , [24] , [25] , and the spherically artificial thorax model using a static simplified torso was used in some studies [22] , [23] , which is a rough approximation of realistic geometries of individual subjects. As such, a rigorous experimental evaluation on the equivalent moving dipole technique with a well-controlled protocol is needed.
The present study represents an attempt to further evaluate the equivalent moving dipole technique by using an in vivo and intact large mammalian animal model (swine), whose cardiac size, heart-torso geometry, and electrophysiological characteristics were chosen to best approximate those of an adult human. A pacing protocol was used to induce well-controlled ectopic cardiac activity where the equivalent dipole solutions can be quantitatively evaluated in terms of pacing. Compared to the prior in vitro or in vivo experiments that used the isolated heart [22] , [23] , [27] or a relatively small animal [22] , [23] , the present study provides a more rigorous evaluation of the performance of the moving dipole localization in an experimental setting similar to clinical applications.
II. METHODS
A. Overview of Evaluation Study
The schematic diagram of our experimental evaluation studies is shown in Fig. 1 . An outline of the procedure is given shortly. Additional details are presented in the next sections. Experiments were carried out on four control pigs, and the cardiac ectopic activities were induced in each pig by either single-site pacing or dual-site pacing within the ventricles. For each animal, both the geometrical measurements using magnetic resonance (MR) imaging (MRI) and the electrical measurements using BSPM technique were performed so as to obtain the anatomical information and electrocardiographic (ECG) sig- Fig. 1 . Schematic diagram of electrocardiogram inverse solution and evaluation procedure (Note that the rigid coregistration approach used here for the LV PSs and the RV PSs was the same as that used in our previous study [23] .). IS represents the estimated "initiation site" of the ectopic activity, PS represents the "pacing site" recorded by the intracavitary NCM system, and AS represents the estimated "activation sequence" of the ectopic activity using a dipole trajectory.
nals [see Fig. 1 (a)-(c)]. Afterward, offline data processing were performed on the recorded surface ECGs, and thus the corresponding body surface isopotential maps were obtained. The boundary of the torso was constructed individually based on the acquired MRI slices [see Fig. 1(d) and (e)]. Applying the cardiac equivalent source models in terms of the SMD or TMD, the body surface potentials at the surface electrode sites were forwardly calculated for each pacing site (PS), then one or two equivalent moving dipoles were determined when the correspondingly calculated body surface potentials are the closest to the measured ones. Consequently, the initiation site (IS) at the onset of the QRS complex and the subsequent propagation of each ectopic activity were noninvasively determined by estimating the locations of the equivalent moving dipole from the measured BSPM data [see Fig. 1 (f) and (g)]. To investigate the performance of the equivalent moving dipole technique on localizing the origin of the cardiac ectopic activity, these estimated locations of the IS were compared with the corresponding precise PSs, which were recorded either with a clinical noncontact mapping system (NCM) for the PSs in the left ventricular (LV) or by locating the distal end of the pacing leads in the postoperative MR images of the isolated hearts for the sites in the right ventricular (RV) [see Fig. 1(h)-(k) ]. The 3-D distances between the recorded PSs and the estimated dipole locations over the selected six beats for each pacing study were statistically analyzed.
B. Experimental Measurements
Experiments were carried out on four control pigs according to a protocol approved by the Institutional Animal Care and Use Committee of the University of Minnesota. The surgical preparation of these animals for hemodynamic and electrical monitoring has been previously reported [28] . During the pacing studies, each animal was anesthetized with fentanyl infused at 0.75 mcg/kg/min; all were intubated and mechanically ventilated with 65% air and 35% O 2 to maintain a PaCO 2 of 40 ± 2 mmHg.
Active-fixation pacing leads were implanted in both the RV apex (RVA) and the RV septum (RVS) (Model 3830, Medtronic, Inc., Minneapolis, MN) for intramural pacing. Endocardial surface pacing from either the LV apex (LVA), LV lateral (LVL) wall or LV anterior sites was accomplished by a quadripolar EP catheter (MarinR, Medtronic, Inc.). Using two pacing leads either both inside the RV or one inside the RV and the other one inside the LV, simultaneous dual-site pacing was performed with the following pairs: RVA-RVS, RVA-LVL, RVS-LVA, and RVS-LVA. The 3-D locations of the LV PSs were recorded on the reconstructed LV geometry acquired with the NCM system [see Fig. 1(i) ].
For each animal, the preoperative MRI (ECG gated to end diastole) was acquired approximately five-seven days before the in vivo pacing experiment so as to obtain the needed anatomical geometry information [see Fig. 1(b) ]. On the pacing study day, BSPM and intracavitary NCM (by the Ensite 3000 system, St. Jude Medical, Inc., St. Paul, MN) were simultaneously performed during the various pacing protocols [29] . For the BSPM [see Fig. 1 (c) and (e)], up to 90 disposable electrodes were placed on the anterolateral chest [see Fig. 1(a) ]. The body surface electrodes were referenced to the Wilson central terminal. The 3-D locations of the body surface electrodes and the fiducial points were digitized directly using an electromagnetic localizer (Fastrak, Polhemus, Inc., Colchester, VT). After the completion of the data collection, each heart was removed and fixed in formalin in the shape of end of diastole with the intramural pacing leads remaining in place [see Fig. 1(h) ]. The postoperative MR scanning was then performed on the isolated heart at least one day after the heart was fixed. After the registration between the preoperative heart images and the postoperative heart images (method in [28] ), the tip of the pacing lead localized in the postoperative heart images was projected to the preoperative heart images and so the RV PS in the excitable heart model was identified.
C. Computational Methods
1) Boundary Element Model:
In the present study, we employed the boundary element method (BEM) to construct the numerical volume conductor model of heart and torso and solved the corresponding forward problem, which involved the calculation of the potential distribution on the body surface generated by equivalent dipoles. For each animal, the realistic 3-D volume conductor model was constructed individually based on the preoperative MRI scans and prior known physiological knowledge. The MR images were segmented to obtain the detailed boundaries of the heart, the lungs, and the torso, respectively [see the torso, lungs, and heart in Fig. 1(d) ]. Afterward, a triangular surface mesh representation of each individual surface was computed by applying the BEM with linear triangular surface elements. Also, isotropic conductivities of 0.2, 0.04, and 0.6 S/m for the torso, the lungs, and the heart were assumed [30] , respectively.
2) Forward Solutions From Equivalent Dipoles:
The potential at the observation point r due to a current dipole p in an infinite homogeneous medium of conductivity σ is given by [31] 
For the case of the bounded torso, the potential Φ k (r) at the electrode locations r on the body surface S can be derived by applying Green's second identity [31] , [32] 
where J eq (r ) denotes the equivalent dipole sources present in the heart myocardium V H , the torso interfaces S s extend from 0 to N s (with internal and external conductivities σ − k and σ + k , respectively), and dΩ rr denotes the solid angle subtended at the electrode locations r by the surface element ds associated with r . With the assumption that the potential is constant over each triangle face, the surface electrode point r may be placed at the centroid of each triangle, and an equation such as (2) can be written as r is moved from triangle to triangle. Thus, The ensemble of N T equations, where N T is the total number of triangles, can be represented by the following matrix equation [32] :
where Φ is an N T × 1 matrix of the desired triangle potentials, G is an N T × 1 matrix containing the first terms on the righthand side of (2), and A is an N T × N T matrix that depends only on torso geometry and conductivities. In order to get the solution of Φ, (3) can be rewritten as (I − A)Φ = G, where I is an N T × N T identity matrix. Since (3) is singular, the deflation technique proposed by Lynn and Timlake [33] was applied in this study. A unique forward solution of body surface potentials at the electrode locations was thus obtained from dipole source in the heart.
3) Inverse Moving Dipole Computation:
A dipolar current source is characterized by six parameters: its X, Y, Z coordinates and its dipolar components Px, Py, Pz. One or two equivalent moving dipoles, used to represent cardiac electrical activity, are defined as the one or two dipoles whose resultant body surface potentials would be the closest to the measured ones. In the present study, the calculation of parameters of the SMD or TMD was performed during the QRS complex. This solution compares the measured surface potentialsΦ i at a surface electrode location i, to the corresponding computed surface potentials Φ i from the assumed SMD (or TMD) source. The optimal dipole is defined as the one that minimizes the following:
The number of measuring sites N (around 80-90) is greater than the number of parameters in the dipole model (6 for the SMD model and 12 for the TMD model). Therefore, minimizing F is equivalent to the least squares error solution of an overdetermined set of N equation system. The parameters of the equivalent dipole(s) (the SMD or TMD) can be determined by solving (3) when F in (4) is minimum.
4) Source Localization by Moving Dipole:
In the moving dipole localization, the initial guess of the dipole's location was set at the geometric center of the heart. The dipole was then shifted and scaled to minimize the residual between the measured and computed body surface potentials. The shifting and scaling was guided by a nonlinear optimization method introduced by Nelder and Mead [34] as implemented by using an improved BEM [21] in the CURRY (Compumedics, Charlotte, NC) software package in the present study, where the searching progress for the optimal site of an equivalent current dipole usually took no longer than 1 s with a Pentium 4. The computed locations of the equivalent dipoles vary from time to time, which offers an important capability to localize the regions of myocardial tissues, which are most responsible for the measured BSMP data. Thus, the SMD and TMD solutions also referred to as source localizations in the electrocardiogram inverse problem literature. In the present study, offline data processing were performed first on the recorded BSPM data; then, the moving dipole inverse problems were solved with the help of the CURRY software. For each pacing study, six well-captured beats were selected for analysis. These beats were further preprocessed to remove noise and baseline shift. Next, the SMD or TMD model was used to compute the inverse solutions at every time instant of the QRS interval of each obtained singlesite pacing or dual-site pacing beat, respectively. The temporal resolution of the solutions was 1 ms. In the present study, the onset instant of the QRS complex of each ectopic beat that corresponds to the initiation of activation was manually determined at the time when the magnitude of the measured surface potentials is apparently larger than that of noise. Therefore, the ISs of activation could be obtained from the SMD or TMD locations calculated from the BSPM at the onset of the QRS complex. The subsequent propagation of electrical activities was depicted in terms of a dipole trajectory consisting a series of SMDs during the ventricular depolarization [see Fig. 1(g) ].
D. Evaluation of the Moving Dipole Solutions
The performance of the moving dipole approach was evaluated in terms of the localization errors (LEs) of the ISs of 
and the overall standard deviation was obtained from
Importantly, the real location of each PS was obtained by the following procedure.
In each pacing study, the origin of cardiac activation was localized by inversely estimating the locations of a SMD or TMDs in the individual heart-torso volume models and compared with the actual sites obtained independently from the NCM system [see Fig. 1(i) ] or the postoperative MR images. For the pacing stimuli in the RV, the precise locations of PSs were obtained by locating the distal end of the pacing leads in the postoperative MR images of the isolated hearts [see Fig. 1(h) ]. Note that each heart was fixed in an end-diastolic state, and the geometric model was reconstructed from the postoperative MR images. Then, an image coregistration procedure between the isolated, fixed hearts, and the beating hearts was performed to determine the precise 3-D locations of the PSs in the resultant heart-torso models. Also, each heart was paced at endocardial locations within the LV with an EP catheter. The precise locations of the endocardial PSs and the endocardial geometries of the LV were both recorded by the NCM system. In order to determine the precise locations of the PSs reflected in the resultant heart-torso models, the endocardial surface maps were extracted from the NCM recordings and then registered with the corresponding surface of the beating heart segmented from the preoperative MR images. The rigid coregistration approach used here for the LV PSs and the RV PSs was the same as that used in our previous study [28] . After the registration, the precise locations of the PSs within either the RV or the LV were determined in the heart-torso model and could be directly compared with the estimated locations.
Information about the activation sequence after the onset of the QRS complex was also estimated by spatially visualizing the migration of the equivalent dipoles during depolarization within the heart. Each dipole was spatially superimposed on the individual heart geometry. The moment of the dipole was scaled proportionately by the magnitude of the dipole, and the activation instant was scaled by color.
III. RESULTS
A. Experimentation and Modeling
The present study was conducted on four well-controlled pigs. The numerical heart-torso volume conductor model was constructed for each animal based on their individual preoperative MR images. Each model consisted of the boundary surfaces of the heart, the lungs, and the torso and contained over 5000 triangular boundary elements (Note that the heart chambers were also segmented in each model and shown in Figs. 1-4.) . A summary of the modeling and experimental parameters can be found in Table I .
B. Endocardial LV Pacing
Endocardial pacing was successfully conducted within the LV in all four animals. Fig. 2 depicts an example of the body surface potential measurements. Fig. 3(a) shows the corresponding SMD localization results. In Fig. 2 , the individual hearttorso volume conductor model and the body surface ECGs are presented, including one beat under sinus rhythm (the first one) and three beats when the heart is captured by pacing (the last three). The displayed ECGs are recorded by 12 surface electrodes during experiment, which are marked on the volume conductor model from the total of 88 electrodes. The SMD inverse analysis was applied on the collected BSPM data (corresponding to the second beat in Fig. 2) , and the constructed isopotential contour maps and estimated SMD are shown in Fig. 3(a) (during ventricular depolarization). In the isopotential maps, the isopotential contour lines with an increment of 0.05 mV are shown partly at an interval of 20 ms during the depolarization [17- Fig. 3(a) ]. The zero potential contour is identified by a black trace, and the red lines and the blue lines depict the positive and negative isopotential contour area, respectively. The innermost red or blue contours indicate the positions of the maximum or minimum. Specifically, the potential range for each potential isochrone is shown as the "P_Range" between the minimum and maximum value of the surface potential. Moreover, the inverse solutions of the SMD are obtained for every sampling instant and shown in terms of the dipole trajectory during depolarization [17-76 ms, see panel (ii) of Fig. 3(a) ]. Each dipole of this trajectory is of the corresponding result of the SMD localization at that instant, which includes the 3-D location within the heart, magnitude-scaled size, and color-scaled activation instant. The estimated initial site of the depolarization is labeled with "IS" (the earliest dipole of the trajectory displayed in dark blue) and compared to the precise location of the PS indicated by a green ball labeled with "PS."
The maximum and minimum magnitudes of the dipole obtained during the depolarization procedure are shown as "D_min" and "D_Max," respectively. As shown in panel (ii) of Fig. 3(a) , the excitation starts from the LVL, develops across the ventricles and reaches the basal area of the RV the 76 ms after pacing. At the end of the QRS complex, the dipole was near the upper free wall of the RV and oriented toward the upper posterior. In panel (i) of Fig. 3(a) , the body surface isopotential contour maps show a movement of the projected cardiac activation away from the left-anterior surface of the torso to the right side and then toward the posterior area at the end of the QRS complex, which is closely related to the revealed propagation by the SMD trajectory.
In total, ten endocardial sites within the LV were paced, and 60 paced beats were analyzed (six for each site). The estimation results are summarized in Table II . Over the 60 beats analyzed, the averaged LE of the initial site of activation was 18.4 ± 3.4 mm at the onset of QRS (10-25 ms after the pacing spike).
C. Intramural RV Pacing
Intramural pacing in the RV was successfully completed in all four animals. Fig. 3(b) depicts an example of the isopotential contour maps that was observed when the heart was paced at the RVA, and the corresponding results of the SMD localization where physiologically reasonable SMD trajectories were observed during the QRS interval. In total, six intramural sites within the RV were paced, and 36 paced beats were analyzed (six for each site). The estimation results are also summarized in Table II . Over the 36 beats analyzed, the averaged LE of the initial site of activation was 18.9 ± 4.6 mm at the onset of the QRS complex (11-23 ms after the pacing spike).
D. Simultaneous Dual-Site Pacing
Simultaneous dual-site pacing either within a single chamber (both sites within the RV) or dual chambers (one from the RV and the other from the LV) was successfully completed in two animals. Fig. 4(a) displays an example of the estimated locations of the initial sites with the TMD model during simultaneous RVA-RVS pacing. The 3-D distances between each of the two separate PSs (the green balls, marked with "PS_RVA" and "PS_RVS," separately) and two estimated dipoles (the red pole marked with "IS_RVA" and the blue pole marked with "IS_RVS") are shown for evaluating the LEs. Another example of dual-site pacing is shown in Fig. 4(b) , where the heart was simultaneously paced at the RVS and the LV apex. In total, five pairs of single-chamber or dual-chamber dual sites were paced, and 30 paced beats were analyzed (six for each pair). The evaluation results of the accuracy of the TMD localizations are summarized in Table III . Over the 30 beats analyzed, the averaged LE of the initial sites of the corresponding ectopic foci was 24.9 ± 6.2 mm at the onset of the QRS complex (10-25 ms after the pacing spike). 
IV. DISCUSSION
Localization of cardiac ectopic activity has direct clinical benefits for treating focal cardiac arrhythmias. It has been suggested previously that the equivalent SMD or TMD approach is only appropriate when the cardiac sources themselves consist of one or two well-located centers of activity or during their early stage, respectively [1] . With state-of-the-art technologies and a well-controlled experimental protocol using large mammalian animal, we revisited this idea in this study, in an attempt to rigorously assess the accuracy and reliability of approximating cardiac electrical activity using the equivalent moving dipole model. To our knowledge, the present study represents the first reported effort to rigorously evaluate the performance of the moving dipole inverse technique on localizing focal cardiac activity in a preclinical setting. Specifically, we chose the in vivo swine model in this study because of its close approximation to human cardiac size, heart-torso geometry, and electrophysiological characteristics (versus those of the rabbit, turtle, or canine). And, the 3-D locations of these PSs within the LV or RV are precisely recorded by a clinical NCM system during experiments or directly marked out by the postoperative MR images of the isolated heart and subsequently used as a reference to quantitatively evaluate the localization accuracy of the SMD or TMD approaches. The present results suggest that: 1) the equivalent moving dipole technique is capable of localizing the source of a cardiac ectopic beat in its early stage; 2) the LE of either the SMD or TMD technique was about 20 mm; and 3) the SMD trajectories originate near the stimulus site and then traverse across the heart during the QRS complex.
A. Localization of Initial Site
The present study represents an attempt to experimentally evaluate the performance of the moving dipole inverse technique on localizing the initial site of cardiac ectopic activity in a well-controlled setting. Such confirmations in a preclinical study would be expected to provide a more realistic evaluation, which may have stronger clinical implications and more reliable results than previous evaluations in animal models or human patients. Previously, using an isolated electrolyte-perfused rabbit heart in a spherical chamber preparation 63.5 mm in diameter, Ideker et al. [10] reported a distance of 3.7 mm (range 2.6-4.6 mm) between the estimated SMD location and a subepicardial PS in the LV. Savard et al. [24] assessed the accuracy of SMD evaluation for the ectopic case in an intact in vivo canine model and obtained an averaged distance of 19 ± 8 mm between the initial SMD vector and the stimulation electrode. Later, they conducted a series of studies on 14 patients with pacemakers and found that the averaged distance between the SMD location at the onset of the QRS complex and the pacing electrode was 31 mm, or a higher accuracy of 25 ± 8 mm if the torso model included lung inhomogeneities [25] . At the same time, very few studies were conducted on the TMD localization of cardiac ectopic activity with two separate foci. Mirvis et al. [11] used the isolated heart in the same experimental preparation as studies of Ideker et al [10] , [27] to test the ability of the TMD model to localize two burns and reported that the LEs were 4.2 ± 2.6 mm and 5.7 ± 4.9 mm from the first and second burn, respectively. Differences in study settings between the present study and other previous studies may lead to different interpretations of results. For the early studies in vitro isolated rabbit [10] , [22] or turtle heart [23] , the relative small size of the heart-torso may result in a smaller scale of LE. For the in vivo intact dog experiments [24] , the previous researchers used the same geometric torso from the first animal for all animals, in which the variation in torso geometry between individual animals was neglected. Furthermore, the methods used to obtain the exact locations of the surface recording and/or intracardiac stimulation electrodes, such as fluoroscopic projections or electronic pantograph, are relatively inaccurate. In the present study, a highresolution heart-torso model was constructed for each individual animal from the preoperative MR images. Intracavitary NCM during experiments and postoperative MR imaging of each isolated heart were also performed to obtain the precise locations of the PSs within the LV and RV, respectively. The precise locations of the surface electrodes were determined directly using an 3-D electromagnetic localizer with an high accuracy of less than 1 mm. Thus, many factors affecting the accuracy of the SMD and TMD evaluation were minimized in the experimental protocols. Meanwhile, for potential clinical applications, conditions met in this study such as an in vivo and intact large mammalian model, variously simulated cardiac ectopic activities, and near-clinical cardiac catheterization settings with a clinical NCM system, also provide a more valuable consideration of the efficiency of the localization performance of the moving dipole technique. It also appears that the TMD inverse solution could be useful in providing an alternative method for localizing the trajectory of dual accessory pathways in WPW patient or two separate ec-topic foci. When more than one arrhythmogenic activity (e.g., two preexcitation sites or fusion beats) are taking place simultaneously, one would need to know the locations of these electric events before surgical or catheter ablation.
B. Representation of Activation Sequence
In the present study, we additionally investigated the propagated activation wavefronts after the onset of the QRS complex by 3-D visualization of a SMD trajectory [two typical examples are shown in Fig. 3(a) and (b) ]. The dipole trajectory consists of a series of SMD solutions where the dipoles' locations, orientations, and magnitudes were determined at every sampling instant during depolarization. All dipoles were displayed in the individual realistic heart geometry with the endocardial and epicardial surfaces. The revealed migrations of activation wavefronts in the present study are in good agreement with the known knowledge about cardiac electrophysiology; they are also consistent with the recorded BSPM data, which were reported in the previous investigations by Savard et al. [24] , [25] , Ideker et al. [27] , and Mirvis and Holbrook [17] .
C. Study Limitations
Although employing the NCM system within the present protocol provides benefits for testing the method of the equivalent moving dipole solutions in a setting similar to clinical study in patients, it also represents a limitation that we do not have direct measurements within the 3-D ventricular volume. As described in Section II, in order to determine the endocardial PSs in the heart-torso model, the endocardial surface recorded by the NCM system was registered with the corresponding surface of the beating heart segmented from the preoperative MR images. Although both of the endocardial surfaces correspond to the end of diastole, they cannot exactly match due to the complex positional and size changes that may occur during the cardiac and respiratory cycles. Because of this problem, errors might be introduced when the registration procedure is applied.
Due to the limited capability of the employed software CURRY on representing two successive propagated activation wavefronts, the TMD trajectories were not further investigated. Instead, two separate ectopic foci were successfully localized in the TMD study. It would be of interest to trace TMDs simultaneously in future studies.
V. CONCLUSION
In summary, the present study provides an insight into the clinical applicability of the moving dipole localization techniques, such as clinical prediagnosis of focal arrhythmias, guiding placement of endocardial mapping aiding catheter ablation. The present results suggest that the single-dipole representation could portray the origin and propagation of an ectopic wavefront across the heart, and that the two-dipole inverse solution could localize two ectopic foci with reasonable accuracy. The equivalent moving dipole solutions have the potential to noninvasively estimate the anatomical origin of certain types of cardiac disorders that can be well represented by a dipolar source. Particularly, relevant applications include the localization of one or two accessory pathways from the preexcited delta wave observed in the WPW syndrome and the determination of the site of origin of ventricular tachycardia. Further investigations should be done to conduct clinical studies on patients with one or two ectopic foci, and the results should be compared with other ECG inverse solutions.
